Recent neuroimaging studies have successfully identified encoding mechanisms that support different forms of subsequent episodic recognition memory. In our everyday lives, however, much of our episodic memory retrieval is accomplished by means of free recall, i.e., retrieval without an external recognition cue. In this study, we used functional magnetic resonance imaging to investigate the encoding mechanisms that support later free recall and their relationship to those that support different forms of later recognition memory. First, in agreement with previous work, we found that activation in the left inferior frontal gyrus and hippocampus correlated with later associative/relational recognition. In these regions, activation was further enhanced for items later freely recalled, pointing to shared underlying relational encoding mechanisms whose magnitude of activation differentiates later successful free recall from successful associative recognition. Critically, we also found evidence for free recall-specific encoding mechanisms that did not, in our paradigm, support later associative recognition compared with item recognition. These free recall-specific effects were observed in left mid/dorsolateral prefrontal (DLPFC) and bilateral posterior parietal cortices (PPC). We speculate that the higher-level working memory operations associated with DLPFC and attention to internal mnemonic representations perhaps mediated via PPC may serve to embed an item into a rich associative network during encoding that facilitates later access to the item. Finally, activation in the perirhinal cortex correlated with successful associative binding regardless of the form of later memory, i.e., recognition or free recall, providing novel evidence for the role of the perirhinal cortex in episodic intra-item encoding.
Introduction
Using the subsequent memory (SM) paradigm (Sanquist et al., 1980) , neuroimaging studies have helped to elucidate the brain mechanisms supporting successful episodic encoding (Paller and Wagner, 2002; Henson, 2005) . Motivated by dual-process theories of recognition memory (Yonelinas, 2002) , recent studies have distinguished encoding mechanisms supporting associative recognition (AR) (accompanied by various kinds of episodic detail) from those supporting item recognition (IR) (no episodic details available). These studies have consistently revealed that encoding activation in the hippocampus and left inferior frontal gyrus (LIFG) supports later AR relative to IR (Davachi et al., 2003; Jackson and Schacter, 2004; Ranganath et al., 2004) , which is in line with neuropsychological findings suggesting a disproportionate deficit in AR compared with IR after damage to the hippocampus Turriziani et al., 2004) (but see Manns et al., 2003; Wixted and Squire, 2004) and prefrontal cortex (PFC) (Janowsky et al., 1989b) .
However, despite the evidence that recognition and free recall may be mediated by distinct neurocognitive mechanisms, SM studies have focused almost exclusively on recognition memory. For instance, free recall has been shown to be differentially impaired in amnesic patients compared with IR (Hirst et al., 1986) (but see Haist et al., 1992) , and the extant cognitive literature suggests that free recall benefits from encoding or retrieval processes that encourage inter-item or organizational processing (Tulving, 1962; Bahrick, 1970; Anderson and Bower, 1972; Sternberg and Tulving, 1977; Hunt and Einstein, 1981; Kahana, 1996) , whereas recognition benefits from encoding processes that make individual items more distinctive, regardless of their relationships to other items in the study list or other contextual variables (Tulving, 1968; Kintsch, 1970; Tversky, 1973; Mandler, 1980) . However, these distinctions stem from comparisons between free recall and IR and do not take into account how processes supporting AR may differ from those supporting free recall. Thus, it is possible that the same encoding operations that differentially enhance AR compared with IR (e.g., relational encoding) are similarly engaged or perhaps enhanced for later free recall. The present study is designed to elucidate the encoding mechanisms that support later free recall and their relationship to those that support later AR. To date, only two neuroimaging SM studies have used free recall as an assessment of subsequent memory (Alkire et al., 1998; Strange et al., 2002) , and they have shown that engagement of the hippocampus, perirhinal cortex, and prefrontal cortex is correlated with later free recall performance. However, because neither study assessed IR or AR, the critical question of what encoding operations may be specific to later free recall remains open.
Together, extant data and theory offer different scenarios of how encoding mechanisms that support free recall and AR might diverge or overlap. Free recall may be supported by similar or enhanced engagement of the same mechanisms that support AR (e.g., relational processing, potentially mediated by the hippocampus and LIFG). Conversely, there may exist encoding mechanisms that selectively support our ability to freely recall episodic information and that do not differentially support AR.
Materials and Methods
Subjects. Ten female and eight male right-handed native English speakers participated in the study. All subjects had normal or corrected-to-normal vision. Informed consent was obtained in a manner approved by the institutional review board at New York University, and subjects were paid for their participation. Two female subjects had to be excluded from additional analyses because of scanner malfunction and early termination of the experiment, respectively. Mean Ϯ SD age of the remaining 16 subjects was 21.3 Ϯ 2.5.
Item material. Four hundred sixty English nouns were obtained from the Medical Research Council Psycholinguistics database (http://www. psy.uwa.edu.au/mrcdatabase/uwa_mrc.htm). Words were three to eight letters long, with a Kucera-Francis written frequency of 10 -100. Only words with concreteness and imageability ratings ranging from 400 to 700 (of 700) were included. For counterbalancing purposes, the whole item pool was divided into five groups of 92 words, and these groups were equated for concreteness and imageablility (both F (4,455) Ͻ 0.41; p Ͼ 0.80). A total of 276 words (three groups) were used as study items, and the remainder (two groups) served as lures for the recognition tests. The assignment of each group to study and test list, respectively, was counterbalanced across subjects. Each study word was assigned one of four colors (red, yellow, green, and blue) for the experimental procedure (see below), and every word was paired with every color at study across subjects. Stimuli were created and displayed using Matlab (MathWorks, Sherborn, MA) in combination with Psychophysics Toolbox extensions (Brainard, 1997) .
Behavioral procedures. The experiment consisted of three blocks, each containing an encoding, a distracter, and a test phase. The entire experiment was conducted inside the scanner, although brain-imaging data were only acquired during the encoding phases. Each encoding phase consisted of 92 trials. For a given trial (4 s), subjects were presented with a noun (printed in black uppercase letters) that was superimposed on a color square (Fig. 1 A) . The task was to create a mental image of the referent of the noun in the given color and to decide whether this word/ color combination was plausible, i.e., whether it was possible for this word/color combination to exist in real life/nature or not. Subjects were given 3 s to conjure up a vivid mental image of the word/color combination. After 3 s, the frame of the color square changed from black to white, prompting subjects to indicate their plausibility judgment within the remaining second ("plausible" or "implausible"). Responses were given with a button box positioned under the subject's left hand. Importantly, subjects were also instructed to press a separate button in case they were unable to create a mental image of the given word/color combination. These trials were excluded from all subsequent analyses. Encoding trials were intermixed with baseline trials involving an active, sensorimotor task. Arrows that randomly pointed to the left or to the right for 1 s were repeatedly presented for the length of a baseline trial, and subjects had to press the middle finger key if the arrow pointed to the left and the index finger key if it pointed to the right. An active baseline condition was chosen following previous suggestions that subjects are more likely to engage in uncontrolled cognitive processes during passive baseline conditions (e.g., looking at a fixation cross), which in turn might attenuate the sensitivity to detect task-related brain activation, particularly in medial temporal lobe (MTL) structures (Stark and Squire, 2001) .
The order of word/color trials and baseline trials was determined by using a sequencing program designed to maximize the efficiency of the event-related design (Dale, 1999) . Conditions were jittered using variable duration (2-22 s) baseline trials. Each encoding phase was immediately followed by a 1 min distracter phase in which subjects had to solve four mathematical equations with a multiple-choice answering format. This distracter task, because it requires working memory (WM) maintenance as well as manipulation processes, was used to prevent active rehearsal of the most recently presented items before free recall performance (Shiffrin, 1970) . Immediately after this distracter phase, subjects were given 5 min to freely recall verbally as many words from the previous encoding block as possible (Fig. 1 B) . Responses were recorded digitally and transcribed by the experimenter. Finally, a two-step recognition test was administered immediately after the free recall block. Subjects were presented with the 92 previously seen study words as well as 61 new words. For the first step, subjects were presented with a word in the center of the screen and were prompted to indicate via button press whether they thought it was "old or "new," i.e., whether it had been presented in the previous encoding block or not. If they responded old, the four colors and a question mark appeared on the screen as a second step and subjects were prompted to indicate the color with which the word was associated at encoding or to press the question mark key if they did not remember the color (Fig. 1 B) . The additional question mark was used to circumvent forced guesses about the correct color. Critically, these memory tests allowed separation of encoding trials into four different conditions with Figure 1 . Experimental design. A, Encoding. Two example trials from the scanned encoding task. Subjects were instructed to vividly imagine the referent of the noun in the color presented and to decide whether this combination was plausible or not. B, Three-step subsequent memory test, consisting of a free recall phase (1), followed by assessment of both item and associative recognition (2).
regard to subsequent memory: (1) items later freely recalled (F trials), (2) items later recognized with the correct color (AR trials), (3) items later recognized without the correct color (IR trials, both question mark and incorrect color responses), and (4) items later forgotten (misses). Items that were both freely recalled and recognized thereafter were counted as freely recalled in both functional magnetic resonance imaging (fMRI) and behavioral analyses. However, associative recognition for those items was also assessed to determine whether the color was incorporated into the representation of the freely recalled items.
fMRI procedures. Scanning was performed on a 3T Siemens Allegra MRI system using a whole-head coil. Functional data were acquired using a gradient-echo echo-planar pulse sequence (repetition time, 2 s; echo time, 30 ms; 35 slices oriented perpendicular to the hippocampal axis; 3 ϫ 3 ϫ 3 mm voxel size; 0.6 mm interslice gap; 368 volume acquisitions per run). High-resolution T1-weighted (magnetization-prepared rapid-acquisition gradient echo) images were collected for anatomical visualization. A vacuum pillow minimized head motion. Visual stimuli were projected onto a screen that was viewed through a mirror, and responses were collected with a magnet-compatible button box. Data were analyzed using SPM2 (Wellcome Department of Cognitive Neurology, University College London, London, UK). During preprocessing, images were corrected for differences in slice acquisition timing, followed by motion correction across all runs. Structural and functional data were spatially normalized to an echo planar imaging template, and voxels were spatially smoothed with a 6 mm full-width half-maximum isotropic Gaussian kernel.
General statistical analyses. Data analysis was performed using the general linear model implemented in SPM2. Encoding trials were sorted according to the subsequent memory conditions described above and modeled using a canonical hemodynamic response function and its temporal derivative. The three runs were concatenated and modeled as one continuous run to improve parameter estimability. Accordingly, mean signal and drift per run were separately modeled as confounds. Effects were estimated by using a subject-specific fixed-effects model. To reveal brain regions involved in our encoding task regardless of subsequent memory performance, all later memory conditions were collapsed and contrasted with sensorimotor baseline trials. Subject-specific contrast images for task-related activation were entered into a second-level random-effects analysis (one-sample t test). Regions consisting of at least five contiguous voxels that exceeded an uncorrected threshold of p Ͻ 0.001 were considered reliable. Second-level analyses across the three memory conditions (IR, AR, and F; see below) were conducted in the context of a within-subjects one-way ANOVA (corrected for nonsphericity), with subject-specific parameter estimates for the memory conditions (␤ estimates) included as dependent measures. For comparisons between two memory conditions, subsidiary pairwise contrasts were computed via paired-samples t tests (two-tailed unless otherwise noted) on subject-specific ␤ estimates for each condition, averaged across all significant voxels within a cluster. Although all statistical analyses were conducted on subject-specific ␤ estimates, we additionally present the deconvolved blood oxygenation level-dependent (BOLD) time courses for each condition to provide a complementary illustration of the data. Time course data were extracted using the MarsBaR toolbox (Brett et al., 2002) .
Increasing encoding activation across subsequent memory conditions. As outlined in Introduction, one hypothesized scenario is that free recall may be supported by the same mechanisms as associative recognition, but those mechanisms may be more engaged during encoding of items that are later freely recalled, reflecting, perhaps, additional inter-item associative processing. Thus, in this case, one would expect greater activation during AR trials compared with IR trials and, furthermore, an additional enhancement during F trials. A well suited statistical procedure to reveal regions in which activation increases linearly from IR to AR to F trials is a parametric analysis (Buchel et al., 1998) . Specifically, the parametric analysis can be designed to detect regions in which the condition ␤ estimates derived from the general linear model show a specific pattern. For the purpose of the current question, we modeled a regressor reflecting the parametric modulation of all encoding trials in terms of a linear trend (first polynomial order) across subsequent memory conditions (IR ϭ 1, AR ϭ 2, F ϭ 3). This analysis was conducted on a subject-specific fixed-effects level, yielding estimates for the slope of the parametric regressor. Subject-specific estimates of the parametric effect were then entered into a second-level random-effects group analysis (one-sample t test), and regions showing a positive slope and consisting of at least five contiguous voxels that exceeded an uncorrected threshold of p Ͻ 0.001 were considered reliable. To account for a generally lower signal-to-noise ratio in MTL regions, the threshold was adjusted to p Ͻ 0.005 to assess MTL effects (Ojemann et al., 1997; Schacter and Wagner, 1999; Davachi and Wagner, 2002; Strange et al., 2002; Dobbins et al., 2003; Weis et al., 2004; O'Kane et al., 2005) . Finally, because a parametric analysis may identify regions in which the underlying linear trend may be driven by a large difference in the outlier conditions (F Ͼ IR), we statistically confirmed pairwise differences between all three memory conditions (AR Ͼ IR, F Ͼ IR, and F Ͼ AR) using planned one-tailed t tests on the subject-specific ␤ estimates for the three memory conditions (IR, AR, and F trials). The results of this subsidiary analysis are reported in Table 1 .
Selective encoding activation for subsequent free recall. The parametric analysis was designed to reveal encoding mechanisms important for both later associative recognition and later free recall. To reveal regions that may selectively bolster later free recall and not associative recognition, we used the following two-step analysis on the three memory conditions (IR, AR, and F trials). First, within the ANOVA model described above, a conjunction analysis (Nichols et al., 2005) was performed to reveal regions that showed greater activation for subsequent free recall compared with both subsequent item recognition (F Ͼ IR) and associative recognition (F Ͼ AR). Both individual contrasts were thresholded at p Ͻ 0.01, so that the conjunction of the two free recall effects (in the sense of the logical AND operator) was assessed at the conservative criterion of at least five contiguous voxels exceeding the uncorrected conjoint threshold of p Ͻ 0.0001. Next, because the resulting regions from this conjunction may also display enhanced activation for AR trials compared with IR trials (i.e., F Ͼ AR Ͼ IR), which we want to avoid, we excluded (via an exclusive masking procedure) all regions that showed a significant effect of AR Ͼ IR at a liberal threshold of p Ͻ 0.1. It is worth noting that the more liberal the threshold for the exclusive mask (AR Ͼ IR), the more likely the resulting regions are to show a free recall-specific pattern of activation.
Results

Behavioral results
Encoding task
At encoding, an equal number of plausible and implausible judgments for word/color combinations were made: 48.03 Ϯ 13.17% (mean Ϯ SD) of encoding trials were judged plausible, and 46.54 Ϯ 13.06% were judged implausible (t (15) ϭ 0.23; p ϭ 0.82). The remaining trials were those for which subjects either indicated that they could not come up with an image or no response was made within the allotted response time of 4 s.
Subsequent memory
Performance on the subsequent memory tests (free recall and two-step recognition) revealed that, on average, 15.15 Ϯ 3.24% (mean Ϯ SD) of the study words were freely recalled (F), 52.88 Ϯ 8.78% were correctly recognized with the correct color (AR), 15.63 Ϯ 6.25% were recognized without the correct color (IR), and 10.71 Ϯ 6.52% of the study words were forgotten. Of the IR trials, 64.17% were question mark responses, and 35.83% were incorrect color responses. Of the words that were freely recalled, 73.42% Ϯ 10.18% were remembered with the correct color during the subsequent recognition test. This indicates that encoding for free recall primarily included successful binding of the color but not necessarily in all cases (further addressed below). The false alarm rate for new items during recognition was 8.14 Ϯ 8.95%, and, on average, 8.88 Ϯ 9.61 words during free recall were intrusion errors.
Overall memory performance, collapsing across all successful memory outcomes, varied as a function of plausibility judgments during encoding: word/color combinations that were judged plausible were less likely to be forgotten than trials judged to be implausible (t (15) ϭ 5.08; p Ͻ 0.001). Furthermore, trials that were judged plausible were more likely to be later freely recalled (t (15) ϭ 2.47; p Ͻ 0.05) and recognized with the correct color (t (15) ϭ 7.01; p Ͻ 0.001) than trials judged implausible. Importantly, the results from the fMRI subsequent memory analyses presented below did not qualitatively differ when plausible and implausible trials were considered separately. Because this factor is beyond the scope of the present manuscript, all data presented herein are collapsed across plausibility judgments.
fMRI results
Compared with the sensorimotor baseline condition, performance of the encoding task required engagement of numerous cognitive processes, including associative object/color imagery, semantic retrieval, and evaluative processes. Correspondingly, the comparison of the encoding task with our baseline condition resulted in significant activation of a large number of brain regions ( Fig. 2) (full list of coordinates available on request).
Of note, robust activation during encoding trials compared with baseline was revealed in LIFG, a region observed in numerous neuroimaging studies involving orientation to and retrieval of semantic information and the recruitment of generalized control mechanisms (Kapur et al., 1994; Demb et al., 1995; Vandenberghe et al., 1996; Fiez, 1997; Thompson-Schill et al., 1997; Wagner et al., 1998; Kirchhoff et al., 2000; Gold and Buckner, 2002; Badre et al., 2005; Gold et al., 2005; Wig et al., 2005) . In addition, significant activation was revealed in ventral and lateral temporal lobe regions that have consistently been correlated with object processing (Ungerleider and Haxby, 1994; Ishai et al., 1999 Ishai et al., , 2000b , color processing (Martin et al., 1995; Howard et al., 1998; , and mental imagery of concrete items Ishai et al., 2000a; Mellet et al., 2000) . Significant activation during encoding task performance was also found in the MTL, including the hippocampus and perirhinal cortex.
Linearly increasing activation across subsequent memory conditions
All clusters emerging from our parametric analysis are presented in Table 1 . Subsidiary pairwise contrasts confirmed a linear stepwise increase of activation from IR to AR to F trials in the LIFG (Fig. 3D) , localized more anterior and ventral than the LIFG cluster just mentioned, contrasts between the memory conditions revealed that activation during both AR trials and F trials was enhanced compared with IR trials (both t values, t (15) Ͼ 4.13; p Ͻ 0.001), but AR and F trials did not differ statistically from each other (t (15) ϭ 1.11; p ϭ 0.14). Thus, distinct activation patterns were seen along the anteroposterior extent of the inferior frontal gyrus, with anterior left inferior frontal gyrus (aLIFG) showing the pattern IR Ͻ AR ϭ F and posterior left inferior frontal gyrus (pLIFG) showing IR Ͻ AR Ͻ F. This is interesting because there has been some controversy in the recent literature about the precise contributions of aLIFG and pLIFG to semantic processing and more general control mechanisms (Thompson-Schill et al., 1997 , 1999 Poldrack et al., 1999; Wagner et al., 2001a,b; Gold and Buckner, 2002; Badre et al., 2005; Gold et al., 2005) . We will return to this debate and how it might relate to the pattern seen in our current study in Discussion.
Finally, one cluster in posterior parietal cortex (PPC) that emerged in the parametric analysis was, however, found to show selective enhancement of activation for later free recall [inferior parietal lobule/intraparietal sulcus, F Ͼ AR and F Ͼ IR (both t values, t (15) Ͼ 4.41; p Ͻ 0.001), AR ϭ IR (NS, t (15) ϭ 1.25; p Ͼ 0.1)], and we will elaborate on these effects in the next section.
Within the MTL, the parametric analysis revealed clusters in both the left and right hippocampal formation (referring to the hippocampus proper, the dentate gyrus, and the subiculum) (Fig.  3 A, B) . In the right hippocampal region, the contrast analysis confirmed the linear increase across the three memory conditions statistically (all t values, t (15) Ͼ 2.16; p Ͻ 0.05). In the left hippocampal region, the contrasts of F Ͼ AR and F Ͼ IR were both significant (both t values, t (15) Ͼ 1.92; p Ͻ 0.05), and the contrast of AR Ͼ IR trended toward significance (t (15) ϭ 1.44; p ϭ 0.085). We believe the lack of a significance between IR and AR in this left hippocampal region should be interpreted with caution given that overall statistical power is reduced in the MTL by a relatively low signal-to-noise ratio in this region and that a corresponding region in the opposite hemisphere shows a very similar pattern that reached statistical significance.
To summarize the results of the parametric analysis, we found that regions in the LIFG and the right hippocampus, in addition to lateral temporal and fusiform cortices, showed a reliable stepwise increase of activation during encoding from IR to AR to F trials. Not only do these results replicate previous findings showing that enhanced encoding activation in both LIFG and hippocampus correlated with subsequent relational/associative recognition compared with simple item recognition (Henson et al., 1999; Davachi et al., 2003; Sperling et al., 2003; Jackson and Schacter, 2004; Kirwan and Stark, 2004; Ranganath et al., 2004; Eldridge et al., 2005) , but it extends these findings by suggesting that an enhancement of the processes supported by these regions may further contribute to subsequent episodic free recall.
Free recall-specific network
To reveal encoding mechanisms that selectively support later free recall and that, critically, do not differentiate between later AR and later IR, a conjunction analysis and exclusive masking procedure were performed (see Materials and Methods). As expected, pairwise contrasts on subject-specific ␤ estimates confirmed the statistical pattern F Ͼ IR and F Ͼ AR (all t values, t (15) Ͼ 2.25; p Ͻ 0.05) and AR ϭ IR (all t values, t (15) Ͻ 1.51; p Ͼ 0.1) in all clusters emerging from this analysis. The full list of regions resulting from this analysis is provided in Table 1 . Most notably, regions found to selectively support later free recall were located in a cluster in the left mid/dorsolateral prefrontal cortex (DLPFC) (including middle and superior frontal gyri, approximately BA 45/46/9 and BA 8) (Fig. 4 A) and in bilateral PPC (including inferior parietal lobule, intraparietal sulcus, and retrosplenial cortex, approximately BA 40/7, BA 19, and BA 30) (Fig. 4B) .
DLPFC regions have not typically emerged in previous subsequent memory studies of recognition memory (but see Blumenfeld and Ranganath, 2006) but have consistently been highlighted in neuroimaging studies of WM and have been hypothesized to support executive cognitive processes (Petrides et al., 1993; D'Esposito et al., 1995) (for review, see Smith and Jonides, 1999; Wager and Smith, 2003) . Lateral PPC (including inferior parietal lobule/supramarginal gyrus) has been consistently shown to be involved in WM tasks requiring phonological rehearsal and/or storage (Awh et al., 1996) (for review, see Becker et al., 1999; Chein et al., 2003) effects have been reported during phonological encoding tasks (Davachi et al., 2001; Otten et al., 2002) , but these effects were observed in superior parietal cortex, located more dorsally than the PPC regions identified in the present study. In contrast to the sparse reporting of PPC subsequent memory effects, PPC activation has consistently been revealed in studies of episodic memory retrieval (Konishi et al., 2000; McDermott et al., 2000; Donaldson et al., 2001; Velanova et al., 2003; Buckner, 2003, 2004; Kahn et al., 2004; Shannon and Buckner, 2004; Henson et al., 2005 ) (for review, see Wagner et al., 2005) , perhaps indicating that some forms of episodic retrieval mechanisms are important during encoding as well. Additional discussion of these different accounts of DLPFC and PPC and how they might relate to episodic encoding that selectively supports later free recall will be addressed in Discussion.
Successful word/color binding
Finally, given that the behavioral data revealed that only ϳ75% of the freely recalled items were also recognized with the correct color, this suggested to us that the mechanisms supporting later free recall operate, at least in part, independently from those that are involved in associative word/color binding. Because both the parametric analysis and the conjunction/masking analysis put special emphasis on encoding mechanisms that support later free recall, we conducted a final analysis to reveal brain regions involved in successful word/color binding independent of whether the word was freely recalled or recognized. First, F trials were split into those for which the correct color was subsequently remembered (F_AR trials) and those for which the correct color was subsequently not remembered (F_IR trials). Next, to reveal regions that showed greater activity for successful word/color binding than for unsuccessful word/color binding regardless of recognition or recall performance, we contrasted AR and F_AR trials to both IR and F_IR trials (contrast weights: AR, ϩ1; F_AR, ϩ1; IR, Ϫ1; F_IR, Ϫ1 within the ANOVA). Finally, to ensure that the results were not driven by effects within one form of memory (recognition or free recall), statistical comparisons of the ␤ estimates using paired t tests were conducted within both subsequent memory levels (AR vs IR and F_AR vs F_IR).
As shown in Figure 5 , the only region that emerged from the contrast analysis was the left perirhinal cortex (approximately BA 35/36). The comparison of successful versus unsuccessful word/color binding was significant within both forms of memory (AR Ͼ IR, t (15) ϭ 4.23, p Ͻ 0.001; F_AR Ͼ F_IR, t (15) ϭ 2.34, p Ͻ 0.05). Furthermore, activation during AR trials did not differ from F_AR trials (t (15) ϭ 0.50; p Ͼ 0.62), and IR trials did not differ from F_IR trials (t (15) ϭ 1.16; p Ͼ 0.26), suggesting that perirhinal activation was greater during successful than during unsuccessful word/color binding regardless of whether the item was freely recalled or recognized. Finally, to test whether this effect in perirhinal cortex might be driven by plausible or implausible trials, we separated both AR trials and IR trials according to the plausibility judgment and conducted a repeated-measures ANOVA including the factors memory (AR, IR) and judgment (plausible, implausible), with the ␤ estimates for each condition as dependent variables. Critically, the results revealed a significant main of memory (F (1,15) ϭ 14.25; p ϭ 0.002) and no significant main effect of judgment (F (1,15) ϭ 0.34; p Ͼ 0.85) or a significant interaction between memory ϫ judgment (F (1,15) ϭ 0.96; p Ͼ 0.34). In short, encoding activation in left perirhinal cortex was highly selective for successful associative binding of intra-item information, i.e., binding of the color to the word Ϫ51, 30, 9) . Percentage signal change is graphed for each memory condition across 14 s (7 time points) after trial onset. Right column, Results from pairwise contrasts across memory conditions. Bar graphs reflect the mean of the ␤ parameter estimates across subjects for each condition, averaged across all voxels in a given cluster. Error bars represent the SEM. * indicates statistically significant at p Ͻ 0.05; ϳ indicates trending toward significance at p ϭ 0.085.
or object representation, regardless of whether the word/color combination was judged plausible or implausible during encoding or whether the item was later freely recalled or recognized. [We use "intraitem associative binding" here to denote successful episodic binding of a concrete item feature (color) with the item (word/ object representation) itself, as opposed to binding of more contextual/abstract information such as the experimental task in which the item was encountered (Davachi et al., 2003) .] Importantly, this pattern was distinct from that seen in the neighboring bilateral hippocampal regions that were revealed in the parametric analysis, in which activation did not differ between F_IR and F_AR trials (both t values, t (15) Ͻ 0.26; p Ͼ 0.8). Thus, the hippocampus shows a pattern consistent with involvement in relational binding processes that are important for both AR and free recall, whereas perirhinal cortex exhibits a pattern selective to the binding of the item with a feature of that item, regardless of whether this knowledge was revealed after free recall performance or within the recognition test.
Discussion
These results are, to our knowledge, the first investigating the encoding processes correlated with later episodic free recall in direct comparison with those supporting later IR and AR memory. Importantly, the data provide evidence for free recall-specific encoding processes supported by left mid/dorsolateral prefrontal and bilateral posterior parietal cortices. Furthermore, we found that encoding activation in a number of regions, including LIFG and bilateral hippocampus, correlated with later AR, and these regions showed either equivalent or enhanced engagement during encoding for items later freely recalled. Finally, we report that activation in only one brain region, the perirhinal cortex, correlated strictly with later successful AR for the color of the presented item, regardless of whether the item was freely recalled or recognized.
Shared encoding mechanisms
Activation in pLIFG, bilateral hippocampus (Fig. 3A-C) , left MTG, and right fusiform gyrus was graded with respect to later memory performance (IR Ͻ AR Ͻ F), suggesting that the processes supported by these regions contribute to both AR and free recall. Importantly, the data show that the magnitude of activation correlates with the probability of later free recall over recognition.
Notably, as opposed to pLIFG, aLIFG showed equivalent activation for F and AR trials, both exhibiting significantly greater activation than IR trials (Fig. 3D) . A recent study by Badre et al. (2005) addressed the putative functional dissociation between aLIFG and pLIFG (the latter labeled "mid-ventrolateral" prefrontal cortex in their manuscript) and concluded that aLIFG activation varied with "semantic retrieval effort," whereas pLIFG activation was related to a generalized "semantic control mechanism." In their study, activation in left MTG correlated with the amount of internally generated or externally provided associated semantic representations, leading the authors to suggest that MTG may support the storage of semantic knowledge. Although not directly manipulated in our study, these putative processes might suggest that both AR and F trials engendered the same initial effort of semantic retrieval, as evidenced by equivalent aLIFG engagement, with a reduction of this effort resulting in the relatively impoverished episodic memory outcome of item recognition (IR trials). Furthermore, it is conceivable that, despite similar top-down retrieval efforts mediated via aLIFG, engagement of left MTG is enhanced during F trials by the enhanced availability of, perhaps pre-experimentally acquired, associations for certain items. Finally, activation in pLIFG may reflect additional control processes (e.g., elaboration) during F trials operating on the enhanced semantic information actually available during those trials.
Within MTL, a linear increase across memory conditions was seen in bilateral hippocampal regions. Previous work has revealed activation in the hippocampus during relational processing compared with item processing (Davachi and Wagner, 2002) , and, importantly, hippocampal encoding activation has been shown to correlate with later relational recognition compared with item recognition (Davachi et al., 2003; Sperling et al., 2003; Jackson and Schacter, 2004; Kirwan and Stark, 2004; Ranganath et al., 2004; Eldridge et al., 2005) . Because none of these previous SM studies have used the recovery of intra-item information as criterial for relational recognition, the present results extend the role of the hippocampus in episodic relational encoding to include the encoding of relations within an item or item feature information (word/color binding). Moreover, activation in bilat- , 21, 21 ; B, Ϫ39, Ϫ54, 57). Percentage signal change is graphed for each memory condition across 14 s (7 time points) after trial onset. Right column, Results from pairwise contrasts across memory conditions. Bar graphs reflect the mean of the ␤ parameter estimates across subjects for each condition, averaged across all voxels in a given cluster. Error bars represent the SEM. *p Ͻ 0.05. Note that bar graphs are mainly shown here for confirmatory and illustrative purposes, because the analysis was specifically designed to reveal regions that show this statistical pattern of activation. L., Left.
eral hippocampus was greater for F trials compared with AR trials, suggesting that additional relational encoding, perhaps reflecting the incorporation of additional contextual or extra-item representations made available by left MTG and pLIFG mechanisms, contributes to later free recall ability. These graded effects nicely align with neuropsychological findings suggesting that hippocampal damage impairs both AR and free recall, with more pronounced deficits for free recall (Holdstock et al., 2002 (Holdstock et al., , 2005 .
Free recall-specific network
Unlike the regions discussed above, encoding activation in left DLPFC and bilateral lateral and medial PPC correlated selectively with later free recall (Fig. 4) . The lateral prefrontal and parietal cortices have consistently been implicated in attentional and WM functions (for review, see Goldman-Rakic, 1996; Pessoa and Ungerleider, 2004) . Within PFC, it has been proposed that ventrolateral PFC supports maintenance of items, whereas DLPFC supports additional cognitive manipulations of the maintained information (Petrides, 1995; D'Esposito et al., 1999; Owen et al., 1999) . It is likely that these higher-level WM operations underlie organizational encoding processes previously identified to benefit later free recall performance (Tulving, 1968) . Importantly, our data suggest that this organizational processing, in conjunction with PPC mechanisms, is differentially important for later free recall and does not necessarily contribute to AR. In support of this is evidence that patients with damage to DLPFC are impaired at free recall performance (Gershberg and Shimamura, 1995) (but see Janowsky et al., 1989a) but not impaired in making "remember" or "know" recognition judgments relative to controls (Wheeler and Stuss, 2003) . However, a recent fMRI study by Blumenfeld and Ranganath (2006) showed that DLPFC activation during the delay period of a WM encoding task correlated with later recognition memory, but this was the case only using an encoding task that required relational inter-item processing. Future work will address the possibility that DLPFC processes may also support later AR in a paradigm in which AR is conditionalized on the recovery of more contextual relational information presumably supported by inter-item processing.
Although the PPC regions selectively involved during F trials in the present study have not been reported in previous SM studies, they have consistently been found in studies of episodic memory retrieval (for review, see Wagner et al., 2005) . One intriguing speculation put forth by Wagner et al. (2005) is that activation seen in PPC during retrieval might reflect attention to internal mnemonic representations. It is possible that attention to mnemonic representations also arises during item encoding, and the availability of mnemonic associations for an item might increase the probability that internally generated cues during later free recall performance successfully lead to the recovery of that item. In other words, free recall may benefit from the embedding of a study item in a rich associative network that may include episodic mnemonic representations because this may provide effective routes to the target item during retrieval. The common finding that free recall performance is enhanced for high-frequency compared with low-frequency words (Hall, 1954) is consistent with this interpretation, because high-frequency words likely activate more mnemonic representations. Interestingly, a recent fMRI study by Kuo et al. (2003) found greater activation in the left supramarginal gyrus (close to regions showing F-selective effects in the present study) for high-frequency compared with lowfrequency words. Along the same vein, because the advantage for high-frequency words does not hold for recognition memory (Gorman, 1961) , our data also suggest that these putative PPC processes may not be as important for later AR.
Associative encoding in perirhinal cortex
A novel, and somewhat surprising, finding in this study was that encoding activation in left perirhinal cortex correlated with later AR (Fig. 5) . Previously, SM investigations have shown that acti- Figure 5 . Successful word/color binding in left perirhinal cortex. A, SPM2 "glass brain" view of regions selectively involved in successful word/color binding regardless of form of memory, thresholded at five contiguous voxels exceeding an uncorrected p Ͻ 0.001. B, Statistical parametric map (T-map) superimposed on the coronal slice of the mean anatomical image across subjects. C, Results from pairwise contrasts across all memory conditions. Bar graphs show the mean of the ␤ parameter estimates across subjects for each condition, averaged across all voxels from the perirhinal cortex cluster. Error bars represent the SEM. *p Ͻ 0.05. D, Time course data for the peak voxel (Ϫ30, Ϫ6, Ϫ36). Percentage signal change is graphed for each memory condition across 14 s (7 time points) after trial onset. vation in perirhinal cortex during episodic encoding of verbal stimuli correlates with later IR and not recovery of episodic details such as a cognitive source or a paired associate (Davachi et al., 2003; Kirwan and Stark, 2004; Ranganath et al., 2004) . One interesting possibility for this apparent discrepancy is that the criterial information on which AR was conditionalized in our study is quite distinct from that used in other studies, namely the recovery of a feature of the item itself instead of the recovery of an extra-item detail of the episode. Importantly, numerous findings from animal lesion and electrophysiological work (for review, see Murray and Richmond, 2001 ) as well as a recent fMRI study in humans (Taylor et al., 2006) suggest that the perirhinal cortex is critical for high-level object processing. Monkeys with perirhinal lesions are impaired at tasks that require decisions based on overlapping item features that are ambiguous but not at performance of the same tasks when featural overlap is minimal (Bussey et al., 2003; Buckley and Gaffan, 2006) . Thus, enhanced perirhinal activation for AR trials in our study compared with others may be a consequence of AR being conditionalized on the binding of an item with a concrete item feature. Importantly, this novel finding provides evidence in the human for a role of the perirhinal cortex in supporting some forms of associative mnemonic processing (namely, intra-item). An important question for future research is how intra-item binding contributes to different subjective phenomenologies of recognition (e.g., familiarity vs recollection) (Yonelinas et al., 1999) . Importantly, as described in the Results, activation in the perirhinal cortex, unlike in the neighboring hippocampus, did not show an additional enhancement for F trials, suggesting that intra-item binding may not be critical for later free recall. Rather, our results suggest that the free accessibility of episodic information without the aid of an external cue (Tulving and Pearlstone, 1966) may be supported by encoding processes that might involve attention to and binding of both semantic and episodic associations, mediated by interactions between DLPFC and PPC.
